Objectives To examine risk factors for fracture in a racially diverse cohort of healthy children in the US. Study design A total of 1470 healthy children, aged 6-17 years, underwent yearly evaluations of height, weight, body mass index, skeletal age, sexual maturation, calcium intake, physical activity levels, and dual-energy x-ray absorptiometry (DXA) bone and fat measurements for up to 6 years. Fracture information was obtained at each annual visit, and risk factors for fracture were examined using the time-dependent Cox proportional hazards model.
mined using National Institutes of Health definitions based on the parents' self-identification. Participants whose parents were not of the same race and ethnicity were categorized based on race and ethnicity of the participant's mother.
Participants were evaluated annually for 6 years. Height, weight, and BMI z scores for sex and age were calculated using normative data from the National Health and Nutrition Examination Survey. All subjects underwent a physical examination by a pediatrician or pediatric endocrinologist to determine their stage of sexual maturation based on Tanner stages. 8 Skeletal maturity was assessed by pediatric radiologists on the basis of roentgenograms of the left hand and wrist according to the method of Greulich and Pyle. 9 On the same day, dietary and physical activity questionnaires and dualenergy x-ray absorptiometry (DXA) measures were obtained.
Dietary and Physical Activity Questionnaires
Dietary calcium intake was estimated using a semiquantitative food frequency questionnaire developed by Block Dietary Data Systems (Berkeley, California). The food frequency questionnaire asked about the frequency and amount of intake in the past week of 45 food and beverage items. Calcium intake was calculated using an automated computer analysis program.
Information on physical activity was obtained using an expanded version of the physical activity questionnaire originally validated by Slemenda et al. 10 Subjects were asked about the number of hours per week they spent doing >40 different physical and sedentary activities.
Bone Densitometry
Whole body, anteroposterior lumbar spine, nondominant forearm, and left proximal femur DXA scans were performed using Hologic, Inc (Bedford, Massachusetts) bone densitometers (QDR4500A, QDR4500W, and Delphi A models) and analyzed using pediatric software (Hologic version 12.3). Scanner calibration was assessed as described previously. 7 The precision errors for areal bone mineral density (BMD) and bone mineral content (BMC) were <1% for the spine phantom and <2.5% for the whole body phantom. Standard and height-adjusted DXA z scores were calculated using nonblack normative data for sex and age reported previously. 7, 11, 12 The percent body fat was calculated from the whole body DXA data as percent body fat = fat mass/(fat mass + lean mass + bone mass).
Fracture Follow-Up At each visit, the participants were asked, "During the past year, has the child broken any bones?" If the answer was "yes," they were asked, "Which bone(s)?" "How did it happen?" "Did the child have radiograph?" "Did the child have splints?" "Did the child have a cast?" "Did it interfere with usual weight bearing activities or sports?" Beyond detailed questioning, no attempt was made to verify self-reported fractures using radiology reports because it is often unsuccessful. 3 Fractures were categorized as low, medium, or high impact. Low-impact fractures were those occurring during a low-impact collision or fall from low height comparable with the subject's height. Medium-impact fractures were those associated with sports, fighting, bicycling, skating, roller blading, or physical education classes. High-impact fractures were those caused by an automobile or scooter accident, fall from high height, or other significant trauma.
Statistical Analyses
Statistical analyses were conducted using Stata (version 12.0; StataCorp LP, College Station, Texas). Initial analysis was performed using descriptive statistics, simple comparisons through t tests and c 2 tests, and unadjusted Kaplan-Meier survivorship analysis. For the main analysis we then used the time-dependent Cox proportional hazards model to identify risk factors for first fracture. Univariate analysis was performed first, followed by investigation of interactions and multivariable analysis. Interactions were examined by testing for the significance of 2-and 3-way interaction terms involving the risk factors identified as significant in the univariate analysis. As measurements and fracture information were obtained annually, the data were easily formatted for a timedependent Cox proportional hazards survivorship analysis.
Risk factors from the visit prior to fracture were examined, including sex; race/ethnicity; chronologic age; skeletal age; sexual maturation; z scores for height, weight, and BMI; body fat percentage; days per week participating in organized sports or dance; hours per week watching television, using a computer, or playing video games; calcium intake; and DXA z scores for BMC and BMD of the whole body less head, anteroposterior spine, hip total, hip neck, and onethird forearm. Chronologic and skeletal ages were examined as squared terms because fracture rates increase through early adolescence and decrease thereafter; they were also examined using age groups (<10 years, $10 years and <15 years, $15 years) following the study of Khosla et al. 13 Hazard ratios (HRs) for prospectively reported fractures were examined, along with 95% CIs for the HRs.
Subgroup analysis was also performed grouping the subjects based on their fracture history at baseline: 1193 subjects had no fractures before baseline, 241 had 1 or 2 fractures, and 36 had an unknown fracture history.
Results
The characteristics of the study sample are described in Table I . The 693 nonwhites included 342 blacks, 247 Hispanics, 104 Asians, and 84 identified as "other." The mean length of follow-up was 5.0 AE 1.5 years with the majority of subjects (908/1470, 62%) completing 6 years. A total of 212 subjects reported 257 fractures; 176 subjects sustained a single fracture incident, 30 sustained 2 fracture incidents, and 6 sustained $3 fracture incidents. The average age at first fracture was 13.7 AE 2.9 years.
The overall fracture incidence was 0.034 fracture per person-year (257 fractures over 7472 person-years of follow-up). Most fractures involved the upper extremity (165/257, 64%) or lower extremity (72/257, 28%) ( ). There were no significant differences in the distribution of location or cause of fracture between sexes or racial/ethnic groups (all Ps > .10).
Fracture rates were higher in boys than in girls regardless of ancestry ( Figure 1 ; available at www.jpeds.com). Fracture rates were also higher, regardless of sex, for whites compared with all other racial/ethnic groups ( Figure 1 ). Survivorship plots indicate that whites had a higher prevalence of fracture at all time points compared with nonwhites regardless of sex ( Figure 2) ; remarkably, white girls experienced a higher fracture rate than did nonwhite boys.
Time-Dependent Univariate Cox Analysis (Unadjusted for Other Covariates) As expected, boys had a significantly higher fracture risk than did girls (Table III) . Fracture risk was also higher for whites compared with all other racial groups. This was true when all nonwhites were considered together and when each group (black, Hispanic, Asian, other) was considered separately (HRs, 1.9-3.1; P # .05). There were no significant differences in fracture risk among the nonwhite racial/ ethnic groups (HRs, 0.6-1.3; P > .18).
Fracture risk was related to chronologic and skeletal age, with the greatest fracture risk observed in 10-to 14-yearolds (Table III) . Similarly, fracture risk was higher during puberty (Tanner stages 2-4) than in prepubertal children (Tanner stage 1) or sexually mature teenagers (Tanner stage 5).
Although there was a trend toward greater fracture risk for taller, thinner subjects (higher height z score and lower weight and BMI z scores), the relationships between fracture risk and anthropometric measures did not reach statistical significance (Table III) . However, fracture risk increased with lower body fat percentage and greater sports participation. Time spent watching television, using a computer, and playing video games was not significantly related to fracture risk. Fracture risk was higher with greater calcium intake, apparently due to sex differences, because calcium intake was not a significant risk factor once sex was taken into account (P = .20).
Having a fracture prior to baseline was a significant risk factor for a subsequent fracture. A history of previous fracture was a stronger risk factor for girls (HR, 2.4; 95% CI, 1.5-3.9; P < .001) than for boys (HR, 1.3; 95% CI, 0.8-2.0; P = .23) and for whites (HR, 1.6; 95% CI 1.1-2.3; P = .01) compared with nonwhites (HR, 1.2; 95% CI, 0.6-2.4; P = .67).
There was a general trend of reduced fracture risk with increased DXA z scores, although the relationship was only statistically significant for radius BMC and BMD (Table III) . Similar results were found for height-adjusted (data not shown) and standard (nonadjusted) z scores.
Interactions
Testing for interactions between sex, race (white vs other), puberty, chronologic age, skeletal age, previous fracture, sports participation, body fat percentage, and DXA z scores revealed 2 significant interactions. The first involved sex, white race, and fracture history. A positive The second significant interaction involved sex, white race, and DXA z scores. For white boys, fracture risk was generally greater with higher DXA z scores (HR > 1). In contrast, for all other groups (girls and nonwhite boys), fracture risk was generally lower with higher DXA z scores (HR < 1). To account for these interactions, white Â female Â previous_fracture and white Â male Â DXA z score terms were included in the subsequent multivariable analysis.
Time-Dependent Multivariable Cox Analysis
Multivariable analysis using the time-dependent Cox proportional hazards model indicated that white ancestry and male sex were among the strongest risk factors for first fracture (Table IV) . Chronologic age, skeletal age, and puberty were also significant risk factors when entered independently (HRs, 1.7 to 2.3; P < .001), but because of their close relationship only chronologic age was included in the final model. Greater sports participation and lower body fat percentage were significantly associated with increased fracture risk. In contrast, neither television/computer use (HR, 0.99; 95% CI, 0.98-1.01; P = .36), height, weight, and BMI z scores (HRs, 0.8-1.1; all P values > .39), nor calcium intake was a significant risk factor. In general, fracture risk decreased with higher DXA z scores (HRs, 0.74-0.89). The results were statistically significant for spine BMD, hip neck and total BMD, and radius BMC and BMD (all P values < .03). However, for white boys, fracture risk increased with higher DXA z scores (HRs for interaction, 1.3-1.7; P # .10). As a subgroup, white boys had an HR of 1.22 for forearm BMD, compared with 0.89 for nonwhite boys, 0.70 for white girls, and 0.51 for nonwhite girls with similar results for the other DXA variables.
Positive fracture history was not, in general, a significant risk factor for future fracture (P > .68). However, white girls with a positive fracture history had an increased fracture risk (P # .07).
Subgroup Analysis of Subjects with No Fractures Prior to Baseline
Similar results were obtained when studying only the 1193 subjects without a history of fractures at baseline. Again, white race, male sex, age of 10-14 years, and decreased body fat percentage were all strong and significant risk factors for future fracture (Table IV) . Using standard or height-adjusted values, lower DXA z scores were associated with higher fracture risk, except in white boys who had increased fracture risk with higher DXA z scores. The main difference in this subgroup was a lower HR for sports participation (1.2 vs 1.4) . For the subjects who were THE JOURNAL OF PEDIATRICS www.jpeds.com
Vol. -, No. -fracture free at baseline, sports participation was no longer a significant risk factor for prospective fracture (P = .36).
Subgroup Analysis of Subjects with Fractures Prior to Baseline
For the subjects who had fractured prior to baseline (122 boys and 119 girls; 150 white, 36 black, 32 Hispanic, 6 Asian, 17 other), white race was an even stronger risk factor for prospective fracture than in the overall group (HR, 3.2 vs 2.2) ( Table IV) . Interestingly, sports participation also had a stronger influence on fracture risk than in the overall group (HR, 2.0 vs 1.4). The HR for age was reduced, and male sex and body fat percentage were no longer significant. Although DXA z scores were no longer statistically significant, they had similar HRs for their overall effect (0.78 vs 0.74 for radius BMD) but lower HRs for the white male interaction (1.06 vs 1.66 for radius BMD).
Discussion
The results of this multicenter prospective study provide strong evidence that race/ethnicity is a major determinant of fracture risk in healthy children living in the US. We found a much higher fracture rate in non-Hispanic white children compared with children of other ancestry. These differences were independent of chronologic age, skeletal age, body mass, and degree of sexual maturation. On average, healthy boys and girls of European descent had more than twice the fracture risk of healthy children from other backgrounds; this effect was greater than the difference in fracture risk between boys and girls. The results of this study corroborate previous data indicating that pediatric fractures occur predominantly during physical activities such as sports and are more common in boys and during adolescence. 4, [14] [15] [16] The basis for the greater incidence of fractures during adolescence is likely related to a temporary imbalance between bone resorption and apposition at a time when loading rapidly increases due to greatly increased muscle mass, strength, and activity. 13, 15, 17, 18 In general, there was an inverse relationship between DXA bone measures and fracture risk. Paradoxically, the opposite occurred in white boys; in this subgroup, higher DXA values were associated with higher fracture risk. Previous studies have produced inconsistent findings regarding the relationship between fractures and DXA bone measures. Clark et al observed an inverse relationship between fractures and DXA measures in a predominantly white cohort. 19, 20 In contrast, Thandrayen et al observed a positive relationship between bone mass and fractures in white boys but no relationship between DXA values and fractures in other groups. 6 They noted that white boys who fractured were more physically active and leaner than those who did not fracture, which was also the case in our cohort. This suggests that white boys who are more physically active develop higher bone mass, but not enough to offset the mechanical demands associated with the increased physical activity. The relationship between physical activity and fractures warrants further investigation as it depends on both activity-and site-specific influences on bone, as well as changes in risk exposure.
The structural basis for the reduced fracture resistance of white children is yet to be completely defined. Prior studies using computed tomography have shown that compared with children of African descent, those of European heritage have lower cancellous bone density in the axial skeleton and smaller bone size in the appendicular skeleton. 21 Highresolution computed tomography has shown that postmenopausal Asian women have greater cortical and trabecular thicknesses but smaller bone area at the radius and tibia compared with European women. 22, 23 We did not observe any relationships between fracture risk and body habitus or calcium intake, except for a higher fracture risk in subjects with less body fat. This is in contrast to previous reports showing children who fracture to have higher body weight and/or body mass. 6, 24, 25 Furthermore, although previous studies suggest that a previous fracture increases fracture risk regardless of sex, 26 we found this relationship only in white girls. Our exclusion of children with a history of multiple fractures may have lessened this effect. Fracture risk may also be affected by other factors not examined in the current study, such as risk-taking behavior not captured by the questionnaires or differences in balance, proprioception, or fall mechanics. Most important, skeletal characteristics related to bone structure not captured by DXA are likely contributors to the variance in bone strength among children.
The strengths of this study include its use of the large, wellcharacterized BMDCS cohort and the length of regular follow-up for up to 6 years. The study subjects were racially and ethnically diverse and were recruited from 5 different geographic locations distributed across the US, allowing ancestry differences to be studied. Assessments were conducted annually following highly detailed and standardized procedures. The physiologic changes associated with growth and development were well characterized; sexual and skeletal development were determined yearly by pediatric endocrinologists and pediatric radiologists, respectively, and all DXA measurements were analyzed at a central core facility following rigorous protocols.
The primary limitations of this study derive from its use of self-reporting to assess fractures, dietary intake, physical activity, and television/computer/video game use. However, our results are quantitatively similar to those observed in numerous studies on the incidence of pediatric fractures. To encourage accurate reporting, subjects and families were interviewed in person during visits, and subjects were only asked to report on their current activity levels and fractures occurring since the previous visit. Although it is possible that reporting differed among races, this potential confounder is unlikely to negate the large magnitude of the effects observed in this study.
A differential effect of race on fracture risk has been recognized ever since it was noted, nearly 50 years ago, that fractures of the hip occur infrequently in elderly blacks. 1, 27, 28 Racial/ethnic disparities in fracture risk are also well documented among other racial groups such as Asians. 23, 27 It now appears that this influence is not confined to the elderly, who experience fragility fractures as bone mass declines, but is also present in childhood, when bone acquisition, physical activity, and the risk for trauma are greatest. Our results provide compelling evidence that children of European descent are much more susceptible to fractures than are those of other racial/ethnic backgrounds. A deeper understanding of the structural and genetic basis of this racial disparity may ultimately contribute to the prevention of fractures throughout life. n 
